1. Introduction {#sec0001}
===============

1.1. PTSD heterogeneity {#sec0002}
-----------------------

Modern medicine has demonstrated a substantial interest in exploring heterogenous subtypes of psychiatric illness, corresponding to the characterization of unique psychopathology and associated aberrant neural circuitry ([@bib0138] [@bib0037]). Critically, a dissociative subtype of posttraumatic stress disorder (PTSD+DS) has been formalized recently, which corresponds to a specific group of individuals that exhibit additional symptoms of depersonalization/derealization and related emotion *over*modulation ([@bib0004]). In contrast to the typical presentation of PTSD, PTSD+DS is often associated with more severe PTSD symptoms, childhood trauma, increased comorbidity, and increased suicidality, pointing towards a patient group with heightened psychopathology and additional treatment needs ([@bib0073]; [@bib0128]; [@bib0084]). It has been shown repeatedly that posttraumatic stress disorder (PTSD) is associated with decreased regulation and inhibition from the medial prefrontal cortex (mPFC), where increased activation of the amygdala/limbic system and midbrain is thought to precipitate associated symptoms of hyperarousal, vivid re-experiencing, and emotion *under*modulation ([@bib0035]; [@bib0100]; [@bib0137]; [@bib0091]; [@bib0090]; [@bib0037]; [@bib0039]; [@bib0056]). By contrast, PTSD+DS is uniquely characterized by increased regulatory activation of the mPFC, resulting in hypoactivation of the amygdala/limbic system, with associated symptoms of depersonalization, derealization, and emotion *over*modulation ([@bib0059]; [@bib0074]; [@bib0085]; [@bib0091]; [@bib0093]; [@bib0037]; [@bib0081]). Indeed, PTSD and PTSD+DS show directed connectivity patterns that are consistent with their emotion under- and over-modulation symptom profiles, respectively. For example, [@bib0091] showed that PTSD patients demonstrate bottom-up directed connectivity from the amygdala and periaqueductal gray, brain regions involved in emotion generation and threat processing, to the vmPFC. By contrast, PTSD+DS patients displayed top-down directed connectivity from the vmPFC, an area involved in emotion regulation, to the amygdala and periaqueductal gray, which may facilitate emotion *over*modulation symptoms observed in these patients. Interestingly, unique neural correlates have also been documented within central hubs of intrinsic connectivity networks (ICNs) when comparing PTSD, PTSD+DS, and healthy individuals during both symptom provocation and the resting state ([@bib0060]; [@bib0089], [@bib0094]; [@bib0091]; [@bib0054]; [@bib0104], [@bib0105]; [@bib0129]).

1.2. Intrinsic connectivity networks {#sec0003}
------------------------------------

Neuroscientists have increasingly begun to emphasize the characterization of psychiatric disorders as conditions reflecting altered distributed neural networks ([@bib0061]; [@bib0077]). The default mode network (DMN), which consists of the posterior cingulate cortex (PCC), ventromedial prefrontal cortex (vmPFC), hippocampus, and cortical midline/parietal structures, is active predominantly at rest and is critical to autobiographical self-referential processing, future-oriented thinking, and continuous experience of the self across time and into the future ([@bib0048]; [@bib0019]; [@bib0125]; [@bib0103]; [@bib0042]). The central executive network (CEN) is a frontoparietal and cerebellar network centered around the dorsolateral prefrontal cortex (dlPFC) and is involved in higher order executive functioning, including the cognitive control of thought, emotion regulation, and working memory ([@bib0088]; [@bib0099]; [@bib0069]; [@bib0117]; [@bib0049]; [@bib0001]). The salience network (SN) encompasses the insula, the dorsal anterior cingulate cortex (ACC), and the amygdala, where this network is involved in interoceptive processing, environmental monitoring and the subsequent apprehension of personally salient stimuli ([@bib0032]; [@bib0117]; [@bib0126]). Indeed, central hubs within the DMN, CEN, and SN display aberrant activation and functional connectivity patterns in PTSD and its dissociative subtype during both symptom provocation and during the resting-state ([@bib0060]; [@bib0089], [@bib0094], [@bib0093], [@bib0051]; [@bib0104], [@bib0105]; [@bib0095]; [@bib0129]).

1.3. Intrinsic connectivity networks in PTSD {#sec0004}
--------------------------------------------

Neuropathological disruptions within ICNs have been shown to be related to specific symptoms of PTSD and PTSD+DS, which are closely tied to the unique function of each network ([@bib0077]; [@bib0037]). DMN functional disruptions in PTSD patients are hypothesized to be related to negative self-referential thoughts as well as alterations in social cognition and autobiographical memory, where PTSD+DS patients additionally experience alterations in somatic self-referential processing, including symptoms of depersonalization (i.e., out-of-body experiences) ([@bib0016]; [@bib0030]; [@bib0131]; [@bib0037]; [@bib0042]). CEN functional disruptions are associated with PTSD symptoms of decreased cognitive functioning across multiple domains, as well as emotion *under*modulation associated with impaired regulation of limbic structures ([@bib0006]; [@bib0101]; [@bib0063]; [@bib0027]; [@bib0077]; [@bib0015]). Interestingly, PTSD+DS is uniquely characterized by emotion *over*modulation from executive functioning areas, and dissociative symptoms are transdiagnostically related to exacerbated CEN impairments of attention, executive functioning, memory, and social cognition ([@bib0079]; [@bib0017]; [@bib0037]; [@bib0076]). Finally, alterations within the SN have been linked to PTSD symptoms of hyperarousal and bodily reactivity, as well as PTSD+DS symptoms of emotion *over*modulation associated with emotional detachment and lack of interoceptive awareness related to symptoms of depersonalization ([@bib0127]; [@bib0130]; [@bib0137]; [@bib0094]; [@bib0001]; [@bib0052]).

Neuroimaging studies examining functional connectivity within the DMN among subtype non-differentiated PTSD patients at rest reveal decreased coupling between the PCC, vmPFC and other DMN structures ([@bib0030]; [@bib0102]; [@bib0127]a; [@bib0026]; [@bib0120]; [@bib0066]; [@bib0068]; [@bib0087]). Here, recent studies have found decreased DMN functional connectivity to be associated with increased PTSD symptom severity, with both decreased functional integration (less efficiency of overall communication across the network) ([@bib0002]; [@bib0058]), and increased segregation (the capacity of specialized processing) in patients with PTSD ([@bib0002]). With regard to PTSD+DS, depersonalization/derealization symptoms have been associated with reduced connectivity of regions linked to self-referential processing within the DMN ([@bib0130]). Moreover, during tasks that require executive functioning, previous studies report decreased functional connectivity within the CEN in PTSD and increased connectivity within the DMN ([@bib0030]). This suggests aberrant ICN functioning in PTSD, as DMN recruitment would typically be decreased during tasks that require executive functioning ([@bib0030]). Indeed, this may underlie aforementioned disruptions in cognition functioning among PTSD patients ([@bib0079]). Additionally, during the resting-state, subtype non-differentiated PTSD patients demonstrate reduced functional integration of the CEN, which is associated with reduced orbitofrontal-amygdala connectivity, indicative of reduced regulation of the limbic system as compared to healthy controls ([@bib0139]). Supporting models of PTSD emotion *under*modulation, a recent study has also shown weaker connectivity within nodes of the CEN (right and left dlPFC) in patients with PTSD ([@bib0058]). By contrast, it is hypothesized that PTSD+DS patients exhibit over-recruitment of CEN areas relating to emotion *over*modulation ([@bib0137]; [@bib0037]). Finally, it is well documented that subtype non-differentiated PTSD patients often display elevated SN connectivity during the resting-state indicative of hyperarousal, hypervigilance and threat processing symptoms ([@bib0108]; [@bib0127]; [@bib0068]).

Although disruptions in these aforementioned neural networks have already been associated with subtype nonspecific PTSD populations ([@bib0001]; [@bib0070]; [@bib0077]; [@bib0082]; [@bib0106] [@bib0119]; [@bib0120]; [@bib0137]), functional connectivity of the DMN, CEN and SN has not been compared between PTSD, PTSD+DS and healthy controls, nor has activation within these networks been used to classify diagnoses via machine learning. Hence, it is unclear how alterations within the DMN, CEN and SN may contribute to heterogeneous symptom presentation in PTSD versus PTSD+DS patients, an effort which may guide/inform treatment interventions aimed at restoring these brain networks in trauma-related illness.

1.4. Multivariate pattern analysis: machine learning applications in neuroimaging {#sec0005}
---------------------------------------------------------------------------------

In contrast to univariate neuroimaging analyses, multivariate machine learning applications for fMRI constitute a more powerful method by which to evaluate subtle and spatially distributed signal patterns within the brain ([@bib0116]). Multivariate machine learning algorithms for neuroimaging data provide a means by which to classify patients, identify illness subtypes, and predict response to treatment based on highly complex sources of neural information, and due to their multivariate properties, these machine learning methods can achieve relatively greater sensitivity ([@bib0116]). Of particular relevance to psychiatry, these analyses are sensitive enough to facilitate inference/classification at the single-subject level ([@bib0097]; [@bib0044]; [@bib0136]), hence offering the capacity to predict individual diagnoses. Indeed, identifying objective neural network classifiers that can categorize PTSD heterogeneity may offer valuable clinical insight into guiding treatments for PTSD versus PTSD+DS by matching specific individuals to a personalized treatment. Recently, a growing number of studies have applied multivariate machine learning methods to neuroimaging datasets to predict and characterize psychiatric disease ([@bib0014]; [@bib0086]; [@bib0111]; [@bib0109]), including PTSD ([@bib0046]; [@bib0065]; [@bib0078]; [@bib0096]; [@bib0045]; [@bib0047]; [@bib0064]; [@bib0113]). Indeed, we have shown recently that machine learning algorithms were able to accurately classify PTSD, PTSD+DS, and healthy controls based on neural activation (91.63% accuracy), amygdala complex functional connectivity (85.00% accuracy) ([@bib0090]) and insula subregion functional connectivity (80.40% accuracy) ([@bib0052]). To date, however, no studies have utilized fMRI machine learning to classify PTSD and its dissociative subtype from healthy individuals based on ICN activation with the DMN, CEN, and SN.

1.5. Study objective {#sec0006}
--------------------

The purpose of the current study was to a) compare DMN, CEN, and SN functional connectivity between PTSD, PTSD+DS and healthy individuals; and b) to examine the predictive validity of machine learning algorithms in classifying PTSD, PTSD+DS, and healthy individuals based on DMN, CEN and SN activation. Given the distinct neurobiological underpinnings of PTSD and PTSD+DS with respect to both activation and functional connectivity within central hubs of ICNs, we hypothesized unique group differences between the two PTSD groups and healthy controls in terms of functional connectivity within the DMN (PCC and mPFC), CEN (dlPFC), and the SN (insula and amygdala). Specifically, with regard to the CEN and SN, we predicted increased integration of prefrontal cortex emotion regulation regions in PTSD+DS as compared to PTSD, indicative of emotion overmodulation. In addition, we predicted increased DMN connectivity in PTSD+DS as compared to PTSD and healthy controls, a pattern reflective of the altered self-referential processing and bodily self-consciousness associated with depersonalization (i.e., out-of-body experiences, emotional detachment). By contrast, in the PTSD group as compared to PTSD+DS and healthy controls, we predicted decreased CEN and SN connectivity to prefrontal cortex emotion regulation regions, consistent with emotion undermodulation. Moreover, in the PTSD group as compared to PTSD+DS and healthy controls, we predicted increased SN connectivity to the insula, consistent with hyper-monitoring of salient stimuli and hyperarousal at rest seen in this group. Finally, we hypothesized that these distinct ICN dynamics may contribute to high predictive accuracy when classifying individuals using machine learning computations based on whole-network activation.

2. Methods {#sec0007}
==========

2.1. Participants {#sec0008}
-----------------

Our sample consisted of 186 participants \[PTSD (*n* = 81); PTSD+DS (*n* = 49); healthy controls (*n* = 56); [Table 1](#tbl0001){ref-type="table"}\]. Although there were no statistically significant associations between group and biological sex, the majority of the sample consisted of female participants. There were also no statistically significant differences in terms of age between groups (see Supplemental Material for details). Machine learning analyses on a portion of this sample have been reported in previous manuscripts ([@bib0090]; [@bib0052]). Participants were recruited from 2009--2018 through referrals from family physicians, mental health professionals, psychology/psychiatric clinics, community programs for traumatic stress, and posters/advertisements within the London, Ontario community. The inclusion criteria for either PTSD group included a primary diagnosis of PTSD as determined using the Clinician-Administered PTSD Scale \[CAPS; versions IV (for 85 participants) and 5 (for 45 participants\] ([@bib0012]; [@bib0140]) and the DSM-IV Structured Clinical Interview (SCID) ([@bib0038]). Additionally, PTSD+DS patients were identified by scoring ≥ 2 for both frequency and intensity on either depersonalization or derealization CAPS-IV symptoms, or at least two in symptom severity on the CAPS-5 scale for depersonalization or derealization symptoms, as per standard methods ([@bib0051]; [@bib0090]). Exclusion criteria for patients included alcohol or substance abuse/dependence not in sustained full remission and diagnosis of bipolar disorder or schizophrenia. Exclusion criteria for the control group included lifetime Axis-I psychiatric disorders, evaluated using the SCID and CAPS. Ideally, all patients would be evaluated with the same version of the CAPS; however, this large dataset of almost 200 participants has been collected since 2010, and participants were evaluated with the best diagnostic criteria at the time. Exclusion criteria for all participants included non-compliance with 3 Tesla fMRI safety standards, significant untreated medical illness, pregnancy, a history of neurological or pervasive developmental disorders, and previous head injury with loss of consciousness. The study was approved by the Research Ethics Board at Western University, Canada, and written informed consent was obtained from all participants.Table 1Demographic and Clinical Information.Table 1PTSDPTSD+DSHealthy ControlsN**814956**Sex**46 female38 female36 female**MeasureValueSDValueSDValueSDAge3911.794013.523411.98CAPS-IV Total\*66.60 ^a^14.9181.60 ^a,b^12.890.602.59CAPS-5 Total36.589.2141.377.76n/an/aCTQ-Total\*56.06 ^a^23.0069.74 ^a,b^19.4132.108.80BDI\*23.21 ^a^8.3335.13 ^a,b^11.700.961.91MDI-Total\*53.64 ^a^14.8380.89 ^a,b^22.2033.963.82MDI-Dep/Dereal\*7.72 ^a^2.7312.97 ^a,b^4.595.200.51STAI5.6 ^a^2.16.2 ^a^2.53.30.6RSDI-Dissociation\*3.6 ^a^1.44.9 ^a,b^2.02.70.4RSDI-Reliving Experiences3.0 ^a^1.33.3 ^a^1.52.10.3nPastnPastnPastMDD\*12 ^a^2423 ^a,b^9----Panic Disorder/Agoraphobia10696----Social Phobia2260----OCD3202----GAD1000----Medication2919----[^1]

A battery of questionnaires was administered consisting of the Childhood Trauma Questionnaire (CTQ) ([@bib0010]), Beck\'s Depression Inventory (BDI) ([@bib0007]), and the Multiscale Dissociation Inventory (MDI) ([@bib0018]). Additionally, scores on the Responses to Script-Driven Imagery Scale (RSDI; [@bib0059]), and the State-Trait Anxiety Inventory (STAI; [@bib0124]) were collected during the fMRI scan to evaluate state clinical PTSD symptoms. Ninety percent of PTSD patients had early aversive experiences (confirmed if the patient scored above the 'none/minimal' threshold for any trauma category according to the CTQ scoring manual). Among PTSD participants, 48 (PTSD, *n* = 29; PTSD+DS, *n* = 19) were receiving psychotropic treatment at the time of the study. Medications included antidepressants, atypical antipsychotics, sedatives, and anticonvulsants (see Supplemental Material for details). Although the healthy control group was free of Axis-I disorders, a small portion of this group reported elevated levels on the CTQ. Critically, medication use was not found to significantly affect results when used as a covariate.

2.2. fMRI image acquisition, protocol and preprocessing {#sec0009}
-------------------------------------------------------

We acquired and preprocessed the resting-state neuroimaging data according to standard procedures in several of our manuscripts ([@bib0089], [@bib0091], [@bib0090]). We utilized a 3 Tesla MRI Scanner (Trio, Siemens Medical Solutions, Erlangen, Germany) with a 32-channel phased array head coil for brain imaging. During the resting-state scan, 120 volumes of whole brain BOLD (blood oxygen level dependent) images were acquired with the manufacturer\'s standard T2\* gradient-echo planar imaging (EPI) pulse sequence (single-shot, blipped-EPI, interleaved slice acquisition order and tridimensional prospective acquisition correction) with the following parameters: TR = 3000 ms, TE = 20 ms, isotropic resolution 2 mm, FOV = 192 × 192 × 128 mm^3^ (94 × 94 matrix, 64 slices), flip angle = 90° High-resolution T1-weighted anatomical images were acquired with a Magnetization-Prepared Rapid Acquisition Gradient Echo sequence (192 slices, 1 mm isotropic resolution). For the resting-state procedure, participants were instructed to close their eyes and let their minds wander while trying not to focus on anything in particular for 6 minutes ([@bib0016]; [@bib0040]; [@bib0054]), after which we assessed state-based clinical symptoms experienced during the scans (see below).

Preprocessing of the functional images was performed with SPM12 (Wellcome Department of Cognitive Neurology, London, UK) within Matlab 2017a. After discarding the 4 initial volumes, the standard preprocessing routine included spatial alignment to the mean image using a rigid body transformation, reslicing, and co-registration of the functional mean image to the anatomical image. The co-registered images were segmented using the "New Segment" method implemented in SPM12. The functional images were normalized to MNI space (Montréal Neurological Institute) and were subsequently smoothed with a FWHM (full-width at half-maximum) Gaussian kernel of 6 mm. Additional correction for motion was implemented using the ART software package (Gabrieli Lab, McGovern Institute for Brain Research, Cambridge, MA), which computes regressors that account for outlier volumes, in addition to the six movement regressors computed during standard realignment in general linear modeling. The smoothed functional images were subsequently bandpass filtered (high-pass 0.012 Hz, low-pass 0.1 Hz) (software by co-author Jean Théberge).

3. Data analyses {#sec0010}
================

3.1. Part A) analysis of intrinsic connectivity networks {#sec0011}
--------------------------------------------------------

This section of the methods describes the analysis pertaining to objective one of the study, which was to compare DMN, CEN, and SN functional connectivity between PTSD, PTSD+DS and healthy individuals.

### 3.1.1. Independent component analysis {#sec0012}

Group spatial independent component analysis (ICA) was performed on the resting-state fMRI data with all subjects in order to identify spatially independent networks using the Group ICA of fMRI Toolbox (GIFT v4.0b) ([@bib0022], [@bib0023]; [@bib0003]). The Infomax algorithm was used to identify 20 independent components (ICs) within the data set, following minimum description length (MDL) criteria ([@bib0003]; [@bib0112]; [@bib0063]; [@bib0067]). In order to ensure reliability of the components, the ICA estimation was repeated 20 times through ICASSO ([@bib0057]). This procedure resulted in a set of group aggregate spatial maps (which included brain regions that represent a network/component) and corresponding time courses of the BOLD signal change across time. For each component, single-subject spatial maps and time courses were then back-reconstructed to individual subject space and converted to Z-scores, which denote the strength of each voxel\'s correlation (i.e., connectivity) with the aggregate component\'s time course. This data-driven approach was used to identify ICNs instead of masking the data with standard ICN templates, as previous studies suggest that ICNs within patients with PTSD networks may be aberrant ([@bib0030]; [@bib0120]; [@bib0107]; [@bib0130]; [@bib0093]). Of importance, ICA also identifies motion-related sources, along with vascular, ventricular, and susceptibility artifacts, which are incorporated into "noise" components.

### 3.1.2. Component identification: spatial sorting analysis {#sec0013}

We first visually inspected the obtained components for the presence of artifacts (ensuring peak activations in gray matter, low spatial overlap with known vascular, ventricular, motion, and susceptibility artifacts, and investigated signal time course frequency fluctuations) ([@bib0003]). Subsequently, the spatial sorting function within the GIFT toolbox was used to identify components that shared features with reference network templates in the literature. Here, we utilized reference ICN masks derived from the GIFT toolbox (GIFT v4.0b), and from <https://findlab.stanford.edu/functional_ROIs.html> ([@bib0121]; [@bib0106]; [@bib0093]). Rationale for examining the left and right CENs separately was derived in part from our recent ICA study, which suggests differential hemisphere recruitment within the CEN among PTSD patients during emotion regulation tasks ([@bib0093]). Furthermore, recent findings suggest greater involvement of the left CEN in explicit cognitive emotion regulation and language paradigms, while the right CEN is associated with implicit perceptual, somesthetic, and nociceptive processing ([@bib0123]; [@bib0072]; [@bib0055]). We also examined the anterior and posterior SN separately, as we have recently shown differential connectivity patterns of the anterior salience network (anterior insula) and posterior salience network (posterior insula) among PTSD, PTSD+DS, and healthy controls ([@bib0094]; [@bib0052]). Furthermore, it has been shown that the anterior insula is associated more with arousal/interoceptive awareness, cognitive emotional processing ([@bib0029]; [@bib0083]), heightened alertness, and autobiographical memory ([@bib0071]), representing a major hub within the anterior SN along with the dorsal ACC ([@bib0121]). By contrast, the posterior insula has been identified as a multimodal convergence zone for sensory information, including pain processing ([@bib0141]; [@bib0142]), and is the major hub of the posterior SN ([@bib0121]). Interestingly, the CEN and SN naturally separated into left/right and anterior/posterior networks, respectively, when conducting our ICA protocol. In summary, we carried forward 1 DMN component, 2 CEN components (left/right), and 2 SN components (anterior/posterior).

### 3.1.3. Group spatial comparisons for intrinsic networks {#sec0014}

The resulting component spatial maps of networks of interest were entered into second-level analyses within SPM12, with the central aim to examine network differences in the strength of regional functional connectivity between participant groups. For each network, a mask was created by entering the single-subject spatial maps into a voxel-wise one-sample *t*-test. This was thresholded at *q* \< 0.05 with false discovery rate (FDR) correction and saved as a mask for use in subsequent paired *t*-tests on the single-subject spatial maps. This ensured that all findings would be restricted to brain regions actually contributing to the respective component. We first conducted a 3 (group) × 5 (network) full-factorial ANOVA that principally focused on the interaction between participant group (PTSD, PTSD+DS, healthy controls) and network (DMN, left/right CEN, anterior/posterior SN). Next, we evaluated between group differences in functional connectivity for each network, with separate two-sample *t*-tests. All analyses were evaluated at the conservative threshold of *p-*FDR *\<* 0.05 *k* = 10 observed at the cluster-corrected level in order to control for multiple comparisons (see [@bib0033]) where we set the initial uncorrected cluster-forming threshold in SPM at *p* \< .001, *k* = 20.

3.2. Part B) multivariate machine learning classification analysis on network activation {#sec0015}
----------------------------------------------------------------------------------------

This section of the methods describes the analysis pertaining to the second objective of the study, which was to observe the predictive validity of machine learning algorithms with regard to classifying PTSD, PTSD+DS, and healthy individuals based neural activation within ICNs.

3.2.1. Extraction of resting-state data for the classification machine learning analysis {#sec0016}
----------------------------------------------------------------------------------------

We first extracted individual subject activation maps that would serve as inputs for the multivariate classification machine learning analyses after being masked with network maps. Specifically, we computed the mean amplitude of low-frequency fluctuations (mALFF) of the BOLD signal, denoting spontaneous resting-state brain activation across the whole-brain. The mALFF has been used previously as an input for machine learning analyses to predict accurately PTSD symptoms ([@bib0046]; [@bib0078]; [@bib0090]), which was found to be more accurate than functional connectivity features ([@bib0090]). Here, we used the REST toolbox (http:// [www.restfmri.net/forum](http://www.restfmri.net/forum){#interref0002}) within Matlab2012a and SPM8 in order to de-trend and extract individual ALFF maps from the preprocessed fMRI data for each participant across the frequency band 0.01 Hz to 0.08 Hz. Individual subject mALFF maps were then obtained by normalizing ALFF spatial maps (where each voxel was divided by the whole-brain ALFF mean).

3.2.2. Multivariate machine learning classification analysis {#sec0017}
------------------------------------------------------------

To assess the predictive value of neural activation within the DMN, CEN, and SN as a means to classify PTSD, PTSD+DS, and healthy controls, we implemented Multiclass Gaussian Process Classification algorithms within PRoNTo toolbox (http:// [www.mlnl.cs.ucl.ac.uk/pronto/](http://www.mlnl.cs.ucl.ac.uk/pronto/){#interref0003}) ([@bib0116]) running under Matlab2017a . Using standard template ICN masks from the GIFT toolbox (GIFT v4.0b), mALFF maps denoting activation within either the DMN, left CEN, right CEN, anterior SN or posterior SN were inputted into separate machine learning analyses. For each network, a resting-state design was modelled with no conditions. A feature set was prepared on mALFF data for voxels within each network of interest. Features were mean-centered, and a Multiclass Gaussian Process Classifier (MGPC) ([@bib0143]; [@bib0116]) was used to test if network activation could accurately predict the three groups (PTSD, PTSD+DS, and healthy controls). Critically, PRoNTo software implements kernel methods as a result of the high dimensionality of pattern vectors in neuroimaging data relative to the number of subjects (for more information see [@bib0116]). We implemented a supervised machine learning approach such that MGPC could inform multiclass membership with predictive probabilities (i.e., PTSD, PTSD+DS and healthy control group classification) ([@bib0143]; [@bib0116]; [@bib0134]). We then used a leave-one-subject-out (LOSO) cross-validation procedure to estimate the generalizability of our classifiers. Consistent with our previous machine learning publication, we also computed a leave-one-subject-out-per-group (LOSOPG) cross-validation procedure in order to provide an exhaustive approach to this analysis (see Supplemental Results) ([@bib0090]). The MGPC analysis provided probabilistic predictions for each diagnostic category in which balanced accuracy measures were computed to account for unequal group sizes. Statistical significance of these accuracy measures was determined by permutation testing (1000 permutations). For visualization purposes, anatomical atlas weights were computed to illustrate the regional pattern of weights used by the decision function of the machine to classify each group ([@bib0115]). Finally, we evaluated the predictive accuracy of activation features from all networks (DMN, left/right CEN and anterior/posterior SN) within the same MGPC analysis.

Of importance, utilizing reference template network masks of the DMN, CEN, and SN in Part B (as opposed to corresponding network components/masks identified in Part A) ensured that the features inputted into the classification machine learning analysis were not biased by the previous independent component analysis. In Part A, the independent component analysis has indeed \'learnt\' from the BOLD signal in all of the subjects, where the cross-validation procedure used in the machine learning analysis for Part B assumes that the hold-out set has not informed the decision function of the machine. As PRoNTo software does not allow for a feature extraction in which an ICA can be run on the inner cross validation loop of the MGPC (i.e., generating the ICA based on the training data by leaving-one-subject-out, then training the MGPC on these features, and finally, classifying the hold-out subject), we elected to utilize non-bias template ICN masks and not components identified in Part A.

3.3. Clinical data and motion statistical analyses {#sec0018}
==================================================

We computed Kruskal-Wallis H tests and Games-Howell post-hoc analyses in order to test for potential group differences with regard to the following clinical measures: CAPS-total, CTQ, BDI, MDI-total, and MDI depersonalization/derealization average scores. Additionally, scores on the RSDI scale (used to assess dissociation and reliving experiences subscales at the time of the scan) and the STAI (assessing state anxiety at the time of the scan) were compared among groups to assess for differences on state-based clinical symptoms. Finally, we computed separate chi-squared statistics on the number of motion outlier parameters generated by ART across each group, MDD diagnosis between patient groups, and frequency of medication use between patient groups.

4. Results {#sec0019}
==========

4.1. Part A) analysis of intrinsic connectivity networks {#sec0020}
--------------------------------------------------------

### 4.1.1. Spatial sorting analysis: component identification {#sec0021}

We identified five artifact-free components corresponding to the DMN, left CEN, right CEN, anterior SN, and posterior SN (see [Fig. 1](#fig0001){ref-type="fig"}). The DMN component consisted mainly of a large bilateral cluster in the posterior cingulate cortex (PCC), precuneus, and superior parietal lobe (SPL), as well bilateral clusters in medial and lateral PFC regions, the temporal pole and ACC. The left CEN component primarily covered a large prefrontal area in the left hemisphere, including the left dlPFC, the dmPFC, and the orbitofrontal cortex, as well as clusters in the left SPL. The right CEN component primarily covered a large prefrontal area in the right hemisphere, including the vmPFC, the dlPFC, the dmPFC, and the orbitofrontal cortex, as well as clusters in the right SPL. The anterior SN component comprised mainly a large bilateral anterior cluster spanning the dorsal ACC, as well as the bilateral anterior insula. The posterior SN mainly comprised clusters in the bilateral posterior insula, supramarginal gyrus, precuneus and cerebellum (lobules V, VI).Fig. 1Mean components generated by the group-level independent component analysis (ICA), pertaining to the default mode network, left and right central executive networks, and the anterior and posterior salience networks.Fig. 1:

### 4.1.2. Group spatial comparison for intrinsic networks: Summary {#sec0022}

In summary, when comparing functional connectivity within ICNs between PTSD, PTSD+DS and healthy controls, we found differential patterns of connectivity to brain regions involved in emotion regulation, in addition to limbic structures and areas involved in self-referential processing, interoception, consciousness, attention, orienting responses, and depersonalization/derealization. Specifically, the omnibus full-factorial ANOVA revealed a significant interaction effect between group and network involving the cuneus/precuneus and the middle dorsal PFC (see [Table 2](#tbl0002){ref-type="table"}). Below we present in detail follow-up comparison results for each ICN.Table 2Intrinsic Network Spatial Comparison: Full-Factorial ANOVA.Table 2Intrinsic NetworkBrain RegionHBACluster SizeMNI CoordinateF Stat.Z score*p FDR* ClusterxyzNetwork by Group InteractionCuneus/precuneus1794−2−92205.634.880.036Middle dorsal PFCR9932836404.414.010.037[^2]

### 4.1.3. Default mode network {#sec0023}

PTSD+DS patients showed more DMN functional connectivity to the left middle dorsal PFC/middle frontal gyrus as compared to PTSD patients (see [Table 3](#tbl0003){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}). Additionally, the healthy control group displayed increased DMN functional connectivity to the left precuneus/SPL, as compared to PTSD+DS patients.Table 3Follow-up Between Group Spatial Comparisons for Intrinsic Networks.Table 3Intrinsic NetworkGroup ComparisonBrain RegionHBACluster SizeMNI Coordinatet Stat.Z score*p FDR* ClusterxyzDMNPTSD+DS \> PTSDMiddle dorsal PFC/MFGL8/985−320644.774.740.016Healthy \> PTSD+DSPrecuneus/ superior parietal lobeL775−6−68544.714.680.032Left CENHealthy \> PTSDSuperior/middle temporal gyrusL21129−64−54104.334.310.008Right CENPTSD+DS \> PTSDLateral orbitofrontal cortexR11914830−103.923.900.012Anterior SNHealthy \> PTSD+DSPrimary visual cortexR171139−8415.085.040.005Posterior SNPTSD+DS \> PTSDMiddle dorsal PFCR8/92012830464.504.480.003PTSD \> PTSD+DSAnterior insulaL79−2818104.584.550.029PTSD+DS \> HealthyCuneus/precuneus17860−92204.954.920.020Precentral gyrusL455−3−22704.644.610.039R45442−8544.094.070.039PTSD \> HealthyPosterior insulaL88−36−20175.155.110.007Cuneus/precuneus17124−2−90204.924.890.002Healthy \> PTSDSupramarginal gyrusR4020564−46345.115.080.001dlPFCR9686014275.115.070.040[^3]Fig. 2Between group comparisons of default mode, central executive, and salience network connectivity (FDR-cluster level *p* \< .05, *k* = 10) comparing PTSD patients, PTSD+DS patients, and healthy controls, as indicated by contrast notation (\< or \>). Abbreviations: PTSD = Posttraumatic stress disorder group, PTSD+DS = Dissociative subtype posttraumatic stress disorder group, FDR = False discovery rate cluster corrected, dlPFC = Dorsolateral prefrontal cortex, SPL = Superior parietal lobe, MFG = Middle frontal gyrus, STG = Superior temporal gyrus, MTG = Middle temporal gyrus. Coordinates are given in MNI space and images were produced using MRIcron.Fig. 2:

### 4.1.4. Left central executive network {#sec0024}

As compared to patients with PTSD, the healthy control group showed increased left CEN functional connectivity to the left superior/middle temporal gyrus (see [Table 3](#tbl0003){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}).

### 4.1.5. Right central executive network {#sec0025}

PTSD+DS patients displayed increased right CEN functional connectivity to the right lateral orbitofrontal cortex, as compared to PTSD patients (see [Table 3](#tbl0003){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}).

### 4.1.6. Anterior salience network {#sec0026}

The healthy control group showed more anterior SN functional connectivity to the right primary visual cortex as compared to PTSD+DS patients (see [Table 3](#tbl0003){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}).

### 4.1.7. Posterior salience network {#sec0027}

PTSD+DS patients displayed more posterior SN functional connectivity to the right middle dorsal PFC as compared to PTSD patients (see [Table 3](#tbl0003){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}). By contrast, we found that the PTSD group displayed increased posterior SN connectivity to the left anterior insula, as compared to the PTSD+DS group. The PTSD+DS group also showed more posterior SN functional connectivity to the cuneus/precuneus, and the bilateral precentral gyrus, as compared to the healthy control group. Additionally, PTSD patients displayed increased posterior SN functional connectivity to the left posterior insula and the cuneus/precuneus, as compared to the healthy control group. Finally, healthy controls showed more posterior SN functional connectivity to the right dlPFC and the right supramarginal gyrus as compared to PTSD patients.

4.2. Part B) multivariate machine learning classification analysis on network activation {#sec0028}
----------------------------------------------------------------------------------------

### 4.2.1. Default mode network {#sec0029}

Activation within the DMN resulted in the highest accuracy measures across all ICNs with regard to classifying PTSD diagnoses with machine learning computations. Indeed, we found that activation within the DMN was able to predict group classification of PTSD, PTSD+DS, and healthy individuals with 80% balanced accuracy (*p* \< .005 during permutation testing) ([Fig. 3](#fig0003){ref-type="fig"}). Here, the class accuracy was 86% for controls, 78% for PTSD, and for 74% for PTSD+DS. Moreover, the class predictive value was 79% for controls, 84% for PTSD, and 72% for PTSD+DS. Network regions with the highest decision function weights included multiple clusters in the mPFC, as well as midline parietal areas in the SPL and the PCC.Fig. 3Results for the Multiclass Gaussian Process Classification machine learning analysis, examining the predictive validity of activation within intrinsic connectivity networks: a) default mode network, b) left central executive network, c) right central executive network, d) anterior salience network, e) posterior salience network. On the left side of each section is the balanced accuracy of group classification for each network, with regional decision function weight vectors displayed below (visual representation of the weights that the machine learning algorithm uses to classify each group, based on features inputted from each network). Displayed in the middle are the individual class predictive values for each group. Finally, the graphs on the right side of each section displays the respective confusion matrix, where an ideal confusion matrix is diagonal and all predicted class labels correspond to the truth. Here, no classes are sacrificed in order to gain accuracy in other classes. For the confusion matrix, Group 1 = healthy control group, Group 2 = PTSD+DS patients, Group 3 = PTSD patients. Numbers on top of the bars in each graph correspond to the number of correctly classified individuals in each group. Abbreviations: PTSD = posttraumatic stress disorder group, PTSD+DS = dissociative subtype posttraumatic stress disorder group.Fig. 3:

### 4.2.2. Left central executive network {#sec0030}

Activation within the left CEN was able to predict group classification of PTSD, PTSD+DS, and healthy individuals with 75% balanced accuracy (*p* \< .005 during permutation testing) ([Fig. 3](#fig0003){ref-type="fig"}). The class accuracy was 84% for controls, 74% for PTSD, and 68% for PTSD+DS. Moreover, the class predictive value was 76% for controls, 78% for PTSD, and 70% for PTSD+DS. Network regions with the highest weights included areas in the left hemisphere pertaining to the dlPFC, the SPL, and the cerebellum crus 1.

### 4.2.3. Right central executive network {#sec0031}

We found that activation within the right CEN was able to predict group classification of PTSD, PTSD+DS, and healthy individuals with 76% balanced accuracy (*p* \< .005 during permutation testing) ([Fig. 3](#fig0003){ref-type="fig"}). The class accuracy was 81% for controls, 75% for PTSD, and 72% for PTSD+DS. Moreover, the class predictive value was 72% for controls, 80% for PTSD, and 76% for PTSD+DS. Network regions with the highest weights included areas in the right hemisphere pertaining to the inferior orbitofrontal cortex, the dlPFC, the SPL, the supramarginal gyrus, and the cerebellum crus 1.

### 4.2.4. Anterior salience network {#sec0032}

Activation within the anterior SN was able to predict group classification of PTSD, PTSD+DS, and healthy individuals with 74% balanced accuracy (*p* \< .005 during permutation testing) ([Fig. 3](#fig0003){ref-type="fig"}). The class accuracy was 79% for controls, 68% for PTSD, and 74% for PTSD+DS. Moreover, the class predictive value was 70% for controls, 74% for PTSD, and 72% for PTSD+DS. Network regions with the highest decision function weights included the anterior dorsal ACC, the bilateral middle dorsal PFC, and the right anterior insula.

### 4.2.5. Posterior salience network {#sec0033}

Activation within the posterior SN was able to predict group classification of PTSD, PTSD+DS, and healthy individuals with 70% balanced accuracy (*p* \< .005 during permutation testing) ([Fig. 3](#fig0003){ref-type="fig"}). The class accuracy was 82% for controls, 72% for PTSD, and 56% for PTSD+DS. Moreover, the class predictive value was 71% for healthy individuals, 75% for PTSD, and 63% for PTSD+DS. Network regions with the highest weights included the right posterior insula, the left superior temporal gyrus, the right postcentral gyrus, and the bilateral supramarginal gyrus.

A noteworthy concept is that all voxels within each of the specified ICN activation maps will contribute to the decision function of the machine. Indeed, the weight maps produced by the machine learning analysis are a spatial representation of the predictive function and show the relative contribution of all voxels for the model. Hence, we present regional contributions above and in [Fig. 3](#fig0003){ref-type="fig"} for illustrative purposes only. This is in contrast to many common neuroimaging analyses which utilize a univariate approach. In this multivariate analysis, as all voxels inputted into the algorithm will contribute to the machine\'s prediction, it is not possible to arbitrarily threshold or to single out whether any one region is predictive in isolation. Finally, similar results were obtained for all machine learning analyses when using a LOSOPG cross-validation procedure. Here, accuracy measures were within +/- 1% of original balanced accuracy percent values reported via the LOSO cross-validation (see Supplemental Results). Moreover, all anatomical weights retained expected ranking positions, indicating stable ranking of the regions across folds. Of importance, confusion matrices in [Fig. 3](#fig0003){ref-type="fig"} show an optimal and diagonal pattern of classification, where no classes are sacrificed in order to gain accuracy in other classes. Finally, including activation features from all networks in the same MGPC analysis yielded a balanced accuracy measure of 88.99% (*p* \< .005 during permutation testing) (class accuracy 98.21% for healthy individuals, 81.63% for PTSD+DS, and 90.12% for PTSD; class predictive value 88.71% for healthy individuals, 90.91% for PTSD+DS, and 91.25% for PTSD). Collectively, these results highlight the importance of examining ICNs in PTSD; below we discuss each network in turn, an approach consistent with these findings demonstrating the unique contributions of each network to the accuracy of classification.

4.3. Clinical data and motion artefacts {#sec0034}
---------------------------------------

We found that all three groups (PTSD, PTSD+DS and controls) differed significantly in terms of CAPS-IV, CTQ, BDI, MDI-total, and MDI depersonalization/derealization average scores. The PTSD+DS group exhibited the highest scores among these clinical variables as compared to the PTSD and control groups (see Supplemental Material Table s1 and [Table 1](#tbl0001){ref-type="table"}), where the PTSD group had higher scores on these clinical variables as compared to the control group only.

With regard to state-based clinical measures assessed at the time of the fMRI scan, the PTSD+DS group scored significantly higher on state dissociation scores as measured by the RSDI-dissociation subscale as compared to the PTSD group (see Supplemental Material Table s1 and [Table 1](#tbl0001){ref-type="table"}). By contrast, scores for state anxiety (STAI) and reliving symptoms (RSDI scale) did not differ significantly between the PTSD and PTSD+DS groups. However, all state-based clinical measures were significantly higher in the PTSD and PTSD+DS groups as compared to the healthy control group, which is a common finding in the PTSD literature and suggests active psychopathology even at rest among PTSD patients (also see [@bib0054]; [@bib0091]; [@bib0076]). Dissociative symptoms collected prior to the scan (MDI depersonalization/derealization averages) and during the scan (RSDI depersonalization/derealization averages) were highly correlated (*r* = 0.70, *p* \<0.001).

The relation between medication use frequency and group was non-significant. MDD diagnosis was significantly more frequent in the PTSD+DS group as compared to the PTSD group (*p* \< .001), where it has been suggested that higher scores of depression and PTSD symptom severity are associated with the dissociative subtype of PTSD ([@bib0128]; [@bib0050]). Finally, when MDD diagnosis was used as a covariate in Part A, regional clusters did not change, albeit the magnitude of statistical significance decreased marginally. Similarly, medication use was not found to significantly affect results when used as a covariate. Our analysis regarding motion outliers yielded non-significant results when comparing observed outlier frequencies across groups X^2^ (2, *N* = 186) = 0.90, *ns*.

5. Discussion {#sec0035}
=============

In comparison to patients with PTSD, PTSD+DS is characterized by additional psychopathology, more severe PTSD symptoms, increased comorbidity, and suicidality, which together translates into unique treatment needs ([@bib0073]; [@bib0128]; [@bib0084]). Critically, the functional connectivity of intrinsic networks has not been compared among heterogeneous PTSD subtypes (PTSD versus PTSD+DS) and healthy controls, nor has activation within these networks been used to predict PTSD subtype diagnosis using machine learning. Indeed, it was previously unclear how alterations within the DMN, CEN and SN may contribute to heterogeneous symptom presentation in PTSD versus PTSD+DS patients, which may inform treatment interventions aimed at restoring large scale brain networks. Given the distinct neurobiological correlates of PTSD and PTSD+DS at the activation and functional connectivity level within central hubs of ICNs, we hypothesized unique group differences in terms of functional connectivity within the DMN (PCC and mPFC), CEN (dlPFC), and the SN (insula and amygdala). In Part A, we observed differential group connectivity of the DMN, CEN, and SN among PTSD, PTSD+DS and healthy individuals to brain regions involved in emotion regulation, in addition to limbic structures and areas involved in self-referential processing, interoception, bodily self-consciousness, attention, orienting responses, and depersonalization/derealization. In support of our hypotheses, our results generally support *increased* connectivity with PFC emotion regulation areas among all intrinsic networks in patients with PTSD+DS as compared to *decreased* PFC emotion regulation connectivity among patients with PTSD. Importantly, unique ICN functional connectivity within each PTSD group may underlie differential symptom presentations among PTSD subtypes. In Part B, using machine learning classification algorithms, we were also able to show that activation within each of the aforementioned networks accurately predicts the classification of PTSD, PTSD+DS, and healthy individuals. Here, the DMN was the most accurate in classifying PTSD patient diagnoses --- an expected finding given that feature selection was performed on resting-state data and that the DMN has been shown to be highly implicated in PTSD psychopathology ([@bib0077]; [@bib0137]; [@bib0001]). The second-best predictor of PTSD patient diagnoses using machine learning classification algorithms was activation within the CEN (the ICN most implicated in emotion regulation and executive functioning), which is a finding consistent with emotion-modulation models of PTSD (see below; [@bib0074]; [@bib0037]).

5.1. Default mode network {#sec0036}
-------------------------

The DMN is thought to mediate altered self-referential processing, autobiographical memory, and social cognition ([@bib0077]), where trauma has been shown to have lasting effects on the sense of self manifested at both the cognitive and somatic level ([@bib0042]). When comparing PTSD patient groups, we hypothesized unique connectivity differences as PTSD+DS patients experience additional alterations in self-referential processing and bodily self-consciousness associated with depersonalization (i.e., out-of-body experiences, emotional numbing) ([@bib0076]; [@bib0042]). Studies investigating DMN intrinsic functional connectivity among subtype non-differentiated PTSD at **rest** generally report decreased coupling between the PCC, vmPFC, and other DMN structures where aberrant DMN functioning has been associated with PTSD symptoms ([@bib0063]; [@bib0077]; [@bib0137]; [@bib0001]; [@bib0037]). Importantly, during tasks that require executive functioning, previous studies report increased connectivity within the DMN and decreased connectivity within the CEN among patients with PTSD as compared to healthy individuals ([@bib0030]).

While previous studies typically examine undifferentiated PTSD patient samples as compared to healthy controls, results from the current study demonstrate unique DMN connectivity between patients with PTSD and its dissociative subtype. Here, increased DMN connectivity to the middle dorsal PFC in the PTSD+DS as compared to the PTSD group likely represents emotion *over*modulation (over regulation of the hyperactive limbic system in PTSD) related to increased symptoms of depersonalization/derealization in this group ([@bib0074], [@bib0073]; [@bib0106]; [@bib0091]; [@bib0090]; [@bib0037]). Interestingly, and in direct support of our results, the frequency of dissociative experiences has been positively correlated to DMN connectivity with the dorsal PFC, a region involved in the CEN and emotion *over*modulation ([@bib0016]). It is noteworthy that dissociative responses have also been shown to involve key areas of the DMN, including the medial PFC, medial parietal lobe, and the temporoparietal junction ([@bib0144]), further suggesting that alterations within the DMN may be a potential mechanism underlying depersonalization-related disturbances in self-referential processing ([@bib0106]; [@bib0042]). Critically, hyperconnectivity of the DMN with prefrontal CEN areas in PTSD+DS may also reduce the availability of the CEN for use in other cognitively demanding tasks, hence underlying symptoms of poor cognitive performance in this group ([@bib0079]). Moreover, PTSD+DS patients may be uniquely characterized by alterations in connectivity between the DMN and CEN regions, which may also relate to aforementioned difficulties in switching between DMN and CEN modalities ([@bib0077]; [@bib0076]; [@bib0079]). Mirroring our results and further supporting models of emotion *under*modulation in PTSD patients without the dissociative subtype, a recent study found that PFC dysconnectivity in the DMN was linked to PTSD symptom severity ([@bib0002]).

The precuneus is an additional node within the DMN and is critical for relating the self to socially relevant emotional stimuli, bodily self-consciousness, first-person perspective taking, visuo-spatial imagery and episodic memory retrieval ([@bib0048]; [@bib0025]; [@bib0021]). Here, decreased precuneus connectivity in PTSD+DS as compared to healthy controls may point to alterations in these functions related to depersonalization (i.e., out-of-body experiences) and dissociation driven changes in social-cognition (disruption in the ability to use, encode, and store information about others that we gain from social interactions) ([@bib0079]). The PTSD+DS group also displayed decreased connectivity to the SPL involved in attention ([@bib0008]; [@bib0133]), as compared to healthy controls. This may be a mechanism underlying dissociation driven changes in attention and cognitive dysfunction that occur in PTSD patients and in other psychiatric disorders transdiagnostically ([@bib0009]; [@bib0079]; [@bib0076]).

Additionally, results from the multivariate machine learning analysis in Part B suggest that aberrant DMN activation may be a useful predictor of PTSD group classification, where the DMN yielded the most accurate classification results when predicting individual diagnoses among PTSD, PTSD+DS and healthy controls. Taken together, this provides further evidence that the DMN may support unique clinical presentations of self-referential processing, including depersonalization and related identity disturbance.

5.2. Central executive network {#sec0037}
------------------------------

Alterations within the CEN are thought to underlie both emotion regulatory and cognitive dysfunctions observed in PTSD ([@bib0030]; [@bib0043]; [@bib0077]; [@bib0079]; [@bib0001]; [@bib0119]). A recent study found that during the **resting-state**, subtype non-differentiated PTSD patients demonstrated reduced CEN convergence which was associated with decreased orbitofrontal-amygdala connectivity in PTSD, indicative of reduced prefrontal regulation on the resting limbic system ([@bib0139]). This is consistent with previous literature that suggests decreased recruitment and functional connectivity within the CEN among subtype non-differentiated PTSD patients ([@bib0028]; [@bib0063]; [@bib0077]; [@bib0058]). Critically, these studies suggest that altered CEN functional connectivity may have cascading negative effects on emotion regulation, and thus may be critical to the neural underpinnings of emotion *under*modulation symptoms observed in PTSD. By contrast, PTSD+DS patients are known to exhibit emotion *over*modulation patterns of neural connectivity, paralleling extreme top-down regulation from CEN areas, including the prefrontal cortex, which may promote emotional detachment symptoms including depersonalization and derealization ([@bib0074]; [@bib0091]; [@bib0037]). Furthermore, PTSD is associated with disrupted cognitive functioning across multiple domains (declarative memory, short-term memory, attention, and executive functioning) ([@bib0006]; [@bib0101]; [@bib0079]).

In support of our hypotheses, we found increased right CEN connectivity with the right lateral orbitofrontal cortex in PTSD+DS as compared to PTSD. Increased CEN connectivity with the orbitofrontal cortex may contribute to the neurobiological basis of emotion *over*modulation among PTSD+DS patients. Indeed, exacerbated recruitment of emotion regulation areas, including the orbitofrontal cortex among PTSD+DS patients has repeatedly been shown to be related to over-regulation of the limbic system with associated depersonalization, derealization and emotional detachment ([@bib0060]; [@bib0036]; [@bib0074]; [@bib0135]; [@bib0091]; [@bib0090]; [@bib0037]; [@bib0081]; [@bib0105]). Furthermore, dissociative symptoms have been shown to impair CEN functions related to attention, executive functioning, memory, and social cognition ([@bib0006]; [@bib0101]; [@bib0028]; [@bib0063]; [@bib0079]; [@bib0015]).

Additionally, the PTSD group displayed decreased left CEN connectivity to the left superior/middle temporal gyri as compared to the healthy control group. Interestingly, alterations in superior/middle temporal gyri processing have been associated with trauma-related symptoms, such as reexperiencing and avoidance, where decreased CEN connectivity to this area my correspond to decreased control over these symptoms ([@bib0075]; [@bib0060]; [@bib0122]; [@bib0114]). Interestingly, the temporoparietal junction, which includes the posterior superior temporal gyrus and the supramarginal gyrus, is critical for multisensory integration, bodily self-consciousness and embodiment (which is the sense of being localized within one\'s physical body and therefore constitutes a fundamental aspect of the self) ([@bib0005]; [@bib0013]; [@bib0062]). Furthermore, the left superior/middle temporal gyrus is also part of the dorsal attention network critical for multisensory integration and executive functioning ([@bib0031]). Critically, these functions related to bodily self-consciousness, multisensory integration, embodiment, and executive functioning are hypothesised to be disrupted in patients with PTSD ([@bib0077]; [@bib0051]).

Finally, results from the multivariate machine learning analysis in Part B suggest that activation within the left and right CEN may be useful biomarkers for predicting PTSD subtype classification. Indeed, our CEN results from Part A & B strongly support the hypothesis that unique symptom presentation among PTSD subtypes may emanate from emotion *under*- and *over*- modulation within the CEN in PTSD and PTSD+DS patients, respectively.

5.3. Salience network {#sec0038}
---------------------

Alterations in SN functioning in patients with PTSD may contribute to the hypervigilance and hyperarousal symptoms commonly observed in patients with PTSD ([@bib0077]; [@bib0137]; [@bib0037]), where subtype non-differentiated PTSD patients have been shown to display elevated SN connectivity during the resting state ([@bib0108]; [@bib0127]; [@bib0068]). Additionally, the SN and anterior insula are thought to mediate "dynamic switching" between DMN and the CEN, in order to bring online higher-order cognitive processing ([@bib0117]; [@bib0126]; [@bib0083]).

The anterior insula is associated with arousal/interoceptive awareness, cognitive emotional processing ([@bib0029]; [@bib0083]), heightened alertness, and auto- biographical memory ([@bib0071]) and represents a major hub within the **anterior SN** along with the dorsal ACC ([@bib0121]). In the current study, our results showed decreased anterior SN connectivity to the primary visual cortex in PTSD+DS as compared to healthy controls. Critically, the anterior SN facilitates orienting responses to salient stimuli via connections with dorsal visual stream regions, which includes the primary visual cortex ([@bib0083]; [@bib0132]). Here, we hypothesize that PTSD+DS patients may exhibit disrupted SN processing with regard to orienting to salient visual stimuli in the environment, which may be mediated by depersonalization and derealization symptoms ([@bib0077]; [@bib0052]).

By contrast, the posterior insula region has been identified as a multimodal convergence zone for sensory information, including pain and body condition ([@bib0141]; [@bib0142]) and is the major hub of the **posterior SN** ([@bib0121]). In the current study, PTSD patients displayed increased posterior SN connectivity to the anterior insula as compared to PTSD+DS, and additionally displayed increased posterior SN connectivity with the posterior insula as compared to healthy controls. In the PTSD group, increased posterior SN connectivity with the anterior insula may represent exacerbated sensory processing related to arousal/interoceptive awareness, emotional state processing and heightened alertness ([@bib0029]; [@bib0083]; [@bib0077]; [@bib0094]), as compared to PTSD+DS. Indeed, PTSD+DS and accompanying emotional detachment, depersonalization and derealization, has been associated with anterior insula under-engagement ([@bib0060]; [@bib0041]; [@bib0074]; [@bib0037]). These findings support exacerbated interoceptive/arousal processing in the anterior insula among PTSD patients as compared to PTSD+DS ([@bib0092]), which may precipitate hypervigilance and avoidance symptoms in PTSD patients ([@bib0098]; [@bib0137]). Notably, hyperactivation in the anterior insula has been correlated *positively* with state re-experiencing scores and *negatively* with state dissociation scores ([@bib0060]). By contrast, increased posterior SN connectivity to the posterior insula in PTSD as compared to healthy controls may reflect exacerbated multisensory processing related to salient threat detection, pain and body condition, hypervigilance and hyperarousal PTSD symptoms ([@bib0060]; [@bib0074]; [@bib0100]; [@bib0135]; [@bib0080]; [@bib0037]).

Finally, both the PTSD and PTSD+DS groups showed increased posterior SN connectivity to areas within attention/memory networks and areas related to episodic memory processing (precuneus, cuneus, precentral gyrus), as well as areas within the posterior insula network related to consciousness (precuneus) and motor processing (precentral gyrus) ([@bib0025]; [@bib0024]; [@bib0020]) as compared to healthy controls. Additionally, when compared to healthy individuals, the PTSD group evidenced decreased posterior SN connectivity with the supramarginal gyrus, a temporoparietal junction area heavily implicated in self-referential processing, bodily self-consciousness and embodiment, where these results collectively support disruptions among these neural processes within patients with PTSD ([@bib0013]; [@bib0118]; [@bib0062]; [@bib0051]; [@bib0129]).

The emotion modulation model also appears to be a relevant framework for characterizing PTSD subtypes with regard to SN connectivity. In support of our hypotheses, we found increased posterior SN connectivity among PTSD+DS patients to the middle dorsal PFC as compared to PTSD patients. This finding suggests that the middle dorsal PFC may be attenuating/ overmodulating salient threat processing and multisensory integration of the posterior SN within PTSD+DS patients ([@bib0034]; [@bib0091]). Similarly, PTSD patients also displayed decreased posterior SN connectivity to the dlPFC as compared to healthy controls. This further supports models of emotion *under*modulation in PTSD patients, consistent with attenuated connectivity between emotion regulation areas and limbic structures ([@bib0074]; [@bib0137]; [@bib0091]; [@bib0037]). Finally, we were able to predict the diagnosis PTSD, PTSD+DS and healthy controls based on SN activation using machine learning computations. The anterior salience network had greater classification accuracy as compared to the posterior SN during our resting-state scans. Notably, SN functioning related to threat detection may predict classification with higher accuracy during symptom provocation/emotion induction as opposed to resting-state paradigms. Indeed, functional connectivity patterns of ICNs may further polarize during emotion induction paradigms when comparing PTSD versus PTSD+DS patients, where these patient groups are known to exhibit unique symptoms in response to such paradigms ([@bib0060]; [@bib0074]).

5.4. Future directions and limitations {#sec0039}
--------------------------------------

It will be critical for future studies to investigate additional subtypes of PTSD illness, as well as investigate accuracy of prediction during emotion induction paradigms. Future studies may benefit from a longitudinal experimental design that would allow for prospective examination of the effects of treatment response and medication type/dosage on neural network integrity in PTSD. Additional studies are also required to elucidate further the effects of different classes of medication on patterns of neural response, and to determine how specific biomarkers of psychiatric illness may predict response to specific treatments. Future studies should also examine the predictive accuracy of data driven networks from PTSD populations and explore influences of sex on network classification in PTSD. It will also be important to examine changes in network connectivity in relation to patterns of patient comorbidity. Additionally, PTSD and PTSD+DS differed significantly on CAPS-IV total severity scores; no such finding emerged for the CAPS-5. The absence of an effect in participants assessed by the CAPS-5 may stem, in part, from the smaller sample size of these participants, thus limiting power to detect a difference. Future studies that include a larger sample size will be needed to confirm this hypothesis and to additionally compare the sensitivity of such diagnostic measures. Finally, we implemented a very conservative data driven approach, where additional group differences were found at a more liberal threshold for the DMN, SN, and CEN; hence, replication and increased power are critical to fully elucidating these dynamics.

6. Conclusion {#sec0040}
=============

Alterations within intrinsic connectivity networks have long been shown to be associated with psychiatric illnesses, including PTSD. Of importance, we present the first study to compare directly intrinsic connectivity network (DMN, CEN, and SN) functional connectivity among PTSD, dissociative subtype PTSD and healthy individuals. Specifically, we show unique group differences in terms of ICN functional connectivity with emotion regulation areas, limbic structures, somatosensory and interoception brain areas, as well as regions involved in self-referential processing, consciousness, and depersonalization/derealization. Using multivariate machine learning classification algorithms, we were also able to show that activation within these networks predicts accurately the diagnosis of PTSD, its dissociative subtype, and healthy individuals with high accuracy. Critically, identifying objective neural network classifiers that can categorize PTSD heterogeneity may prove valuable by pointing towards targeted treatments for PTSD and its dissociative subtype that address specific alterations in the neural networks associated with each and thus match specific individuals to personalized treatment approaches. The present results also suggest strongly that the specific patterns of alterations within intrinsic connectivity networks associated uniquely with PTSD and with PTSD+DS may contribute, in part, to the contrasting clinical presentation observed across these subtypes.
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[^1]: Abbreviations: PTSD= Posttraumatic Stress Disorder, PTSD+DS= Dissociative Subtype Posttraumatic Stress Disorder Patients, CAPS = Clinician-Administered PTSD Scale, CTQ = Childhood Trauma Questionnaire (*none or minimal childhood trauma = 25--36, moderate = 56--68, extreme trauma \> 72*), BDI = Beck\'s Depression Inventory, MDI = Multiscale Dissociation Inventory, Dep/Dereal = Depersonalization and Derealization Average, MDD = Major Depressive Disorder, OCD = Obsessive Compulsive Disorder, GAD = Generalized Anxiety Disorder. State clinical measures taken during the scan: STAI = State Trait Anxiety Inventory, RSDI = Responses to Script-Driven Imagery Scale.\* indicates the clinical variables on which all groups differed significantly from one another (*p* \< .05). a. indicates significantly higher clinical measures within a group as compared to the control group, b. indicates significantly higher clinical measures as compared to the PTSD group.

[^2]: Results from the full-factorial 3 (group) by 5 (network) ANOVA (*p-FDR* cluster-corrected *\<* 0.05, *k* = 10). Abbreviations: PFC = Prefrontal cortex, *H* = Hemisphere, BA = Brodmann area, *p* FDR = False discovery rate correction for multiple comparisons.

[^3]: Follow-up group comparisons of network functional connectivity evaluated via 2-sample *t*-tests (*p*-FDR cluster-corrected \< 0.05, *k* = 10). Data represents between group differences in terms of network functional connectivityfor the DMN, CEN and SN. Comparisons were computed between PTSD patients, PTSD+DS patients, and healthy controls, as indicated by contrast notation (\< or \>). Abbreviations: DMN = Default mode network, CEN = central executive network, SN = salience network, dlPFC = Dorsolateral prefrontal cortex, PFC = Prefrontal cortex, MFG = Middle frontal gyrus, PTSD = Posttraumatic stress disorder patient group, PTSD+DS = Dissociative subtype posttraumatic stress disorder group, Healthy= age-matched healthy control group, BA = Brodmann Area, MNI = Montreal Neurological Institute, FDR = False discovery rate cluster corrected, H = Hemisphere.
